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COMSOLIn acoustic and ultrasonic non-destructive testing techniques, it is sometimes beneficial to concentrate
sound energy at a chosen location in space and at a specific instance in time, for example to improve
the signal-to-noise ratio or activate the nonlinearity of damage features. Time Reversal (TR) techniques,
taking advantage of the reversible character of the wave equation, are particularly suited to focus ultra-
sonic waves in time and space. The characteristics of the energy focusing in solid media using principles
of time reversed acoustics are highly influenced by the nature and dimensions of the medium, the num-
ber of transducers and the length of the received signals. Usually, a large number of transducers enclosing
the domain of interest is needed to improve the quality of the focusing. However, in the case of highly
reverberant media, the number of transducers can be reduced to only one (single-channel TR). For focus-
ing in a non-reverberant medium, which is impossible when using only one source, an adaptation of the
single-channel reciprocal TR procedure has been recently suggested by means of a Chaotic Cavity
Transducer (CCT), a single element transducer glued on a cavity of chaotic shape. In this paper, a CCT
is used to focus elastic energy, at different times, in different points along a predefined line on the upper
surface of a thick solid sample. Doing so, all focusing points can act as a virtual phased array transducer,
allowing to focus in any point along the depth direction of the sample. This is impossible using conven-
tional reciprocal TR, as you need to have access to all points in the bulk of the material for detecting sig-
nals to be used in the TR process. To asses and provide a better understanding of this concept, a numerical
study has been developed, allowing to verify the basic concepts of the virtual phased array and to illus-
trate multi-component time reversal focusing in the bulk of a solid material.
 2016 Elsevier B.V. All rights reserved.1. Introduction
Time reversal (TR) techniques have become a vibrant topic of
innovative research in ultrasonic applications [1–4]. The basic pre-
mise of time reversed acoustics (TRA) is that, if the wave field can
be known as a function of time on some boundary surrounding a
given region, then it can also be found at every point inside that
region at previous times by using the wave equation with time
running backwards. In other words, the result of a TR process is
that the waves recorded on the boundary are focused back in space
and time on the acoustic sources, or on the scattering targets inside
the region which were acting as secondary sources. Doing so, it
enables us to locate strong scatterers (e.g. inclusions and interfaceswith high impedance contrast) which are hidden inside a region.
Applications of TRA can be found in seismology (earthquake local-
ization) [5–8], diagnostic and therapeutic medicine [9–12], and in
non-destructive testing [13–20].
In a classical TRA experiment, waves generated by an acoustic
source are first measured by an array of piezoelectric transducers
located around the source, and then time reversed and re-
emitted by the same transducers array. The created time reversed
wave then propagates back and eventually focuses on the location
of the initial source, now remaining passive. The quality of the
focusing can be improved if the transducers cover a closed surface
around the medium such that information is obtained from all
wave fronts propagating in any possible direction [21]. In practice,
however, this is difficult to realize and the TR operation is usually
performed on a limited angular area, reducing the reversal focusing
quality.
An important advantage of TRA for engineering materials is that
it works extremely well in heterogeneous media (actually better
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experiments [22] or multiple reflections in wave guides [23–26]
or inside chaotic cavities [27–29], instead of being a hindrance,
actually improve the focusing. This reduces the number of recei-
vers needed to obtain a good reversal quality. Draeger et al. [27–
29] and Fink et al. [30] even proved the possibility of reducing
the number of elements down to one by using multiple reflections
inside a closed chaotic cavity. In addition, it was shown that the
focusing quality can be increased by a longer recording of the time
reversed signal [27]. However, for too long time windows, the
focusing quality can no more be improved, since the essential sig-
nal information can no longer be discerned from noise due to
attenuation in the material.
In standard single-channel TR experiments, a signal measured
by the receiver is time reversed and subsequently re-emitted back
into themedium by a transducer located at the same position as the
receiver, resulting in a focusing at the original source position [8].
Due to reciprocity in acoustic and elastic wave propagation, the
back propagation of the time reversed signal from the position of
the original source to the position of the corresponding receiver will
result in a focus of energy at the actual receiver location [31]. This
procedure is called reciprocal TR. Implementation of reciprocal TR
thus allows to selectively focus acoustic/elastic energy at any posi-
tion in a given medium, provided the direct received signal can be
predicted or obtained at that position, for instance by an appropri-
ate material model or – for surface locations – by recording the sig-
nal using a laser vibrometer or a non-contact transducer. In a
number of studies, the reciprocal TR technique has been used to
focus a large amount of energy at a certain position in order to trig-
ger nonlinear features at that location [14,15,32].
In case of a non-reverberant sample, the above described TR
technique cannot be used anymore, since the absence of reflections
implies that the only information path between the source and the
receiver is the direct path. For an accurate re-focusing of the energy
multiple information paths coming from different directions (i.e.
originating at different virtual source locations) are required.
Recently, a solution for this problem was proposed using a Chaotic
Cavity Transducer (CCT), consisting of a transducer glued to a cav-
ity of chaotic shape, which itself is placed in or connected to a non-
reverberant medium. The principle of a CCT was originally intro-
duced for 3D imaging in fluids [33–37] and was later extended to
applications dealing with elastic waves in solids. Van Damme
et al. [38] experimentally investigated the use of a CCT for elastic
imaging in reverberant and non-reverberant solid media. Choi
et al. [39] described the construction of a CCT based 2D virtual
array used for pulse-echo type non-destructive inspection of solid
materials. In this paper, we also discuss a CCT based virtual array
using a finite element based model developed in the commercially
available software package COMSOL Multiphysics. However, other
than the ultrasonic 3D imaging described by Choi et al., we will
use the virtual phased array to focus elastic energy at a predefined
location in the bulk of a solid material. This is of great importance,
as such a TR focusing cannot be obtained using conventional recip-
rocal TR since we do not have access to points in the bulk of the
material to detect the signals to be used in the TR process. Virtual
experiments will be performed, verifying and illustrating this inno-
vative concept. In future, the numerical model can be modified and
extended to help in the further development and optimization of
linear and nonlinear imaging techniques based on TR principles.2. Time reversal modeling approach
To demonstrate the feasibility and usefulness of single-channel
reciprocal TR techniques using a chaotic cavity transducer, we
exploit a fully numerical approach that covers the emission of avirtual sound wave from the source location, the recording of the
forward wave propagation signal (single or multiple components)
at a particular receiver position, the back propagation of the time
reversed signal(s) from the original location of the emitter and
the analysis of the energy focusing quality at the considered recei-
ver location. In traditional TR experiments, the source signal con-
sists of a short pulse, which is applied to the transducer. To
obtain spatial and temporal focusing, the impulse response of this
signal, measured by the receiver, is time reversed and broadcasted
back into the medium. It is shown, however, that the quality of the
focusing can be improved by (1) applying a pulse compression
technique, which involves the use of a linear sweep signal (also
known as chirp) as excitation signal instead of a short pulse
[38,40–42] and (2) by utilizing a deconvolution, or inverse filtering,
technique [43]. In the present simulations, a combination of both is
used. Since the simulations represent wave propagation phenom-
ena in a supposedly linear medium, the finite element model used
for the TR simulations is solved in frequency domain. Moreover,
taking advantage of the spectral method, one can obtain the exact
same solution of the model without performing two separate sim-
ulations (i.e. one for the forward propagation and one for the back
propagation phase).
The model is first solved for a discrete number of frequencies
using a constant amplitude equal to one as an input for the bound-
ary condition at the source. This input actually corresponds to the
Fourier Transform (FFT) of an impulse. For every frequency, the
complex valued amplitudes calculated in each point of the model
are then stored. These stored solutions are corresponding to the
impulse responses, or the Green functions GiðxÞ, at each position,
where index i denotes a particular position. The complex valued
signals RiðxÞ, recorded in response to a linear swept signal SðxÞ
(or rather from the FFT of SðtÞ), can then be calculated as follows:
RiðxÞ ¼ GiðxÞ  SðxÞ:
For the back propagation of a particular recorded signal RjðxÞ ði ¼ jÞ,
we first apply pulse compression by performing a point-wise mul-
tiplication of the complex conjugate of the linear swept signal
SðxÞ and the recorded signal RjðxÞ. Subsequently, inverse filtering
is applied by dividing the obtained signal by the square of the norm
of RjðxÞ (i.e. jRjðxÞj2). As such, we get the following transformation:
RjðxÞ ! RjðxÞ  S
ðxÞ
jRjðxÞj2 þ j
;
where  denotes the complex conjugate operation and j is a con-
stant added to the denominator to ensure that we never divide by
zero. The constant is related to the original received signal as fol-
lows [43]:
j ¼ 0:9 meanðjRjðxÞj2Þ:
Finally, the focusing signals FiðxÞ are calculated by
multiplying – frequency by frequency – the Green functions GiðxÞ
by the complex conjugate of the obtained signal (i.e. the FFT of
the time reversed signal after pulse compression and inverse
filtering):
FiðxÞ ¼ GiðxÞ  RjðxÞ  S
ðxÞ
jRjðxÞj2 þ j
 !
: ð1Þ
One can easily see, that for i ¼ j (i.e. the position where the direct
received signal was obtained), the focusing signal becomes:
FjðxÞ ¼ jRjðxÞj
2
jRjðxÞj2 þ j
 1;
which approximates the spectrum of a delta function dðtÞ.
Fig. 1. Illustration of the geometry of a chaotic cavity transducer on top of a large
solid sample used in the COMSOL simulation. The chaotic cavity transducer has a
maximum height of 3 cm and a maximum width of 3.5 cm. The solid sample has a
height of 3 cm and a width of 6 cm and is modeled using low-reflecting boundaries.
S. Delrue et al. / Ultrasonics 67 (2016) 151–159 153The application of single-channel reciprocal TR allows not only
to focus in one point, but also in multiple points (simultaneously or
with a well defined delay). This is done by using the algebraic sum
of the (time delayed) signals recorded in the different points as a
new input in the TR process. As such, Eq. (1) to calculate the focus-
ing signals FiðxÞ is changed as follows:
FiðxÞ ¼ GiðxÞ 
XN
j¼1
RjðxÞ  SðxÞ
jRjðxÞj2 þ j
 !
; ð2Þ
where N is the number of focal positions and
RjðxÞ ¼ GjðxÞ  SðxÞ  expðixDtjÞ
to take into account the desired time delays Dtj.
Note that in every step of the simulation, the time domain sig-
nals can be obtained by performing an inverse FFT of the data.
Using this spectral method, the TR simulations become less time
consuming. Moreover, if there are no changes in the geometry,
the solutions for different parameters (e.g. different source signals,
different focal points, etc.) can be determined using only the stored
data GiðxÞ from one simulation.3. CCT based time reversal
For the actual implementation of CCT based reciprocal time
reversal, we consider a 2D simulation model consisting of an alu-
minum chaotic cavity glued to the upper surface of a long (x-
direction) and thick (y-direction) solid sample, modeled as a finite
size rectangular medium with low-reflecting boundaries, mimick-
ing the large sample size (see Fig. 1). The cavity has a circular shape
with two flat sides. The longest of the flat sides is attached to the
sample (perfect bonding is assumed), the shortest flat side accom-
modates a source (infinitesimal thin and flat transducer) and is
considered to be the active surface of the chaotic cavity. The max-
imum height of the cavity is 3 cm and the maximum width is
3.5 cm. All boundaries of the cavity, except for the active surface
of the chaotic cavity and the flat side connected to the sample,
are expected to be free boundaries. At the source location (trans-
mitter), a normal boundary load with constant amplitude equal
to one was added, as described in Section 2. At the interface
between the cavity and the sample, continuity has been assumed.
The density of the solid sample is considered to be equal to1000 kg/m3 and the longitudinal and shear velocities are respec-
tively 3000 m/s and 1500 m/s. The density of the chaotic cavity
was set equal to 2700 kg/m3 and the longitudinal and shear veloc-
ity are respectively 6320 m/s and 3130 m/s. In the numerical
experiments, a single or multiple receiver locations can be consid-
ered anywhere in the reverberant sample.
To demonstrate the single-channel reciprocal TR method, we
model the following numerical experiment. First, a linear swept
signal is generated at the active surface of the transmitter (i.e.
the flat side at the top of the chaotic cavity). The signal is defined
as follows:
SðtÞ ¼ sin 2pf 0t þ
pBt2
T
 !
exp 1
p
t  tc
r
 p 
with start frequency f 0 ¼ 300 kHz, bandwidth B ¼ 600 kHz and
duration T ¼ 100 ls. In order to reduce time domain side lobes
which may appear in the pulse compression process, the swept sig-
nal was multiplied with a generalized Gaussian time window with
exponent p ¼ 20, central time tc ¼ T=2 and standard deviation r,
chosen such that the amplitude of the Gaussian envelope at times
t ¼ 0 and t ¼ T equals one percent of the amplitude at time t ¼ tc .
When the emitted signal reaches the interface between the cavity
and the solid sample, part of the signal is reflected and keeps prop-
agating in the cavity, while an other part is transmitted into the
sample. This process keeps going on till no more energy is trapped
in the cavity. During the process, part of the transmitted energy
enters the solid sample with irregular time delays, and propagates
in different directions towards the supposed receiver location(s).
The signal at the receiver location (or at multiple receiver locations)
is then recorded and, after performing pulse compression and
inverse filtering, used as a new input signal in the back propagation
step of the TR process. Finally, the zone around the receiver location
(s) is analyzed to validate the evidence of TR focusing both in time
and space. It is important to note that this TR focusing is fully
caused by the reflections inside the chaotic cavity. The non-
reverberant medium itself is not responsible for the focusing due
to a lack of reflections.
3.1. Direct time reversal method
Using single-channel reciprocal TR in combination with a chao-
tic cavity, we are able to focus energy at any position in a non-
reverberant medium. Moreover, we are able to selectively focus
energy in a specific displacement component [44]. This is demon-
strated in Fig. 2, where the horizontal displacement component ux
at the focal position (0,2) cm (encircled in the figures, inside the
solid sample) was used as an input signal (normal to the surface) in
the back propagation step of the reciprocal TR. This results in a
selectively TR focusing in time and space only along the horizontal
displacement component. Fig. 2(a) displays the simulated time sig-
nals of both displacement components at the focal position (illus-
trating the focusing in time) and Fig. 2(b) shows the respective
spatial distribution of the magnitude of the displacement compo-
nents at the focal time (illustrating the focusing in space). Similar
results can be obtained for focusing along the vertical displace-
ment component uy.
3.2. Virtual phased array time reversal method
As discussed in Section 2 (Eq. (2)), we can also apply the chaotic
cavity transducer TR focusing procedure to focus elastic energy
(simultaneously or with a well defined delay Dtj) in multiple points
inside the solid sample. Using this result and the principle of Huy-
gens, we can then use the chaotic cavity transducer to create a vir-
tual phased array, enabling the focusing of energy in any arbitrary
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Fig. 2. Simulated displacements in a large solid sample after reciprocal TR of the direct recorded horizontal displacement component ux . The focal position is located at
(0,2) cm and is encircled in the bottom figures. (a) Simulated horizontal and vertical displacement signals ux and uy measured at the focal position, (b) spatial (top view)
surface plots of the magnitude of the horizontal and vertical displacement components ux and uy at the focal time. The color scales are normalized according to the maximum
value of the horizontal displacement component. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
154 S. Delrue et al. / Ultrasonics 67 (2016) 151–159position in the bulk of both reverberant and non-reverberant
media. Phased array probes are composed of multiple ultrasonic
elements that can transmit waves independently at different
times. They can be used to focus ultrasonic beams, applying time
delays to the elements to create constructive interference of the
wave fronts, allowing the energy to be focused at any position in
the medium.
In order to transform a chaotic cavity transducer into a phased
array, a well-defined sequence of preparatory steps needs to be fol-
lowed. As in the previous examples, we start with the excitation of
a linear swept signal. Subsequently, the response signals are mea-
sured in a series of points located on a line at the interface between
the cavity and the sample. Then, a specific combination of these
direct recorded signals is formed and used in the TR process
according to Eq. (2), where time delays Dtj are depending on the
location of the desired focal point. In case all time delays equal
zero, the TR process will result in a simultaneous focusing of
energy in all considered recording positions. At that particular
focusing instance, every ‘‘recording” point may be considered as
a source of secondary wavelets that spread out in all directions.
In case of the simultaneous energy focusing, a plane wave is cre-
ated propagating in the direction perpendicular to the recording
line. However, when relative time delays are introduced before
summing the signals, the focal time in every point will be different.
Consequently, the ‘‘recording” points radiate secondary waves at
different times. Thus, choosing and applying appropriate time
delays we should be able to focus energy in an arbitrary point in
the bulk of a solid sample. The required time delays can be calcu-
lated by determining the distances between the recording points
and the intended focal point and dividing these distances by the
wave propagation speed in the considered medium. The direct
recorded signals are then time shifted such that the energy is firstfocused in the recording points furthest away from the intended
focal point, and last in the recording points which are closest to
that point.
To successfully create a virtual phased array in a medium, the
wave speed distribution in the medium needs to be known in order
to determine the appropriate time delays of the different recording
signals. For a chaotic cavity connected to a fluid, the technique
works very well, since waves can only propagate with the longitu-
dinal wave velocity [35–37]. In a solid material, however, the
focusing using a virtual phased array becomes less straightforward,
since waves can propagate inside the material either with the lon-
gitudinal wave velocity or with the transversal wave velocity.
Moreover, in semi-infinite half-spaces and in plates, the presence
of Rayleigh and Lamb waves even can play an important role.
And finally, anisotropy and heterogeneity can make the picture
even more complicated.
To obtain a better understanding of the concept of the virtual
phased array in solids, we repeat the study of the 2D configuration
of an aluminum chaotic cavity connected to the upper surface of a
large solid sample, as illustrated in Fig. 1. This time, after emitting a
sweep signal (i.e. the same sweep signal used before), the response
signals (i.e. horizontal or vertical displacement components) are
measured in 49 recording points located at the interface between
the cavity and the solid material (i.e. y ¼ 0) and with x-
coordinates starting from 1.2 cm to 1.2 cm in steps of 0.5 mm.
The recording points serve as the emitter positions of the virtual
phased array. Our goal is to successfully focus energy along the
spatial directions at an arbitrary point in the bulk of the solid sam-
ple using the virtual phased array concept.
Before focusing at an arbitrary point in the medium using
appropriate time delays, we first study the generation of plane
waves created by simultaneously focusing the energy selectively
S. Delrue et al. / Ultrasonics 67 (2016) 151–159 155along the horizontal or vertical displacement component in all 49
recording points. In the first simulation, we re-emitted the sum
signal of the direct recorded horizontal displacement components
at the recording positions, resulting in a simultaneous focusing of
energy along the horizontal displacement component in all record-
ing points. This is illustrated in Fig. 3, where spatial maps of the
magnitude of the horizontal displacement component inside the
solid material are shown at three subsequent times (t ¼ 4 ls,
t ¼ 8 ls and t ¼ 12 ls). We clearly observe the propagation of a
plane wave (indicated by an arrow) that was created by simultane-
ous TR focusing in the recording points at the time corresponding
to the ‘‘line focusing time” (i.e. t ¼ 0). The simultaneous focusing of
the horizontal component will create secondary waves from hori-
zontally oriented dipoles with energy propagating with both the
longitudinal and transversal wave velocity. The part of the wave
traveling at the longitudinal wave velocity will mainly propagate
in the horizontal direction, while the part traveling at the transver-
sal wave velocity will primarily propagate in the vertical direction.
Since the only constructive interference will occur in the vertical
propagation direction, a plane wave will be created preferentially
propagating with the transversal wave velocity in the direction
normal to the recording line. This is verified by noting that the
plane wave amplitude peak observed in Fig. 3 takes 12 ls to travel
a distance of 1.8 cm from the recording points at y ¼ 0 mm to
y ¼ 18 mm. Dividing this distance by the travel time, we indeed
find the shear velocity (vT ¼ 1500 m/s).
A similar study can be performed for a simultaneous TR focus-
ing of the vertical displacement component in all 49 recording
points. However, in this case, the simultaneous focusing of the ver-
tical component will create secondary waves from vertically ori-
ented dipoles with the part that travels at the longitudinal wave
velocity mainly propagating in the vertical direction and the part
traveling at the transversal wave velocity mainly propagating in
the horizontal direction. Consequently, the created plane wave will
preferentially propagate with the longitudinal wave velocity
(vL ¼ 3000 m/s) in the direction normal to the recording line.
From the above discussed results, it follows that TR focusing of
the horizontal (vertical) displacement components in the recordingFig. 3. Top view surface plots of the simulated magnitude of the horizontal displaceme
recorded horizontal displacement components ux in 49 recording points. The results are
the average position of the plane wave front that was created by simultaneous TR focusin
value of the horizontal displacement component in each time step. (For interpretation of t
of this article.)points results in the creation of secondary waves, originating at the
recording points and generating a plane wave propagating perpen-
dicularly to the recording line with the transversal (longitudinal)
velocity. With this knowledge, we are now able to calculate the
proper time delays of the different recording signals, in order to
selectively focus along each spatial direction at an arbitrary point
in the bulk of the medium using the virtual phased array.
To focus the horizontal displacement component at an arbitrary
position, we first need to focus the horizontal displacement com-
ponents at the recording positions, with appropriate time delays.
Since this focusing will create secondary waves (from horizontally
oriented dipoles) preferentially propagating with the transversal
wave velocity in the direction perpendicular to the recording line,
the time delays can be calculated by determining the distance of
the recording points to the intended focal point divided by this
velocity. For a focal point located at (0,2) cm inside the solid
material, the calculations reveal that, in order to focus the horizon-
tal displacement component at the focal time t ¼ 0 in point (0,2)
cm, the focusing in the recording points needs to be 12 ls (for the
middle recording position) to 14.4 ls (for the left- and rightmost
recording positions) earlier, i.e., a time difference of 1.44 periods
in the case of a central frequency of 600 kHz. The non-
simultaneous TR focusing in the recording points creates a curved
wave front propagating in the negative y-direction. Finally, at t ¼ 0,
the secondary waves radiated by the virtual phased array positions
constructively interfere with each other, resulting in a clear TR
focusing at the intended focal position. Fig. 4 confirms that the
focusing only occurs in the horizontal displacement component.
Fig. 4(a) represents the simulated time signals for both displace-
ment components at the focal position. Fig. 4(b) represents spatial
maps of the magnitude of respectively the horizontal and vertical
displacement fields at the focal time. TR focusing in time and space
is only observable in the horizontal displacement component.
A similar procedure can be applied to focus the vertical dis-
placement component at (0,2) cm inside the non-reverberant
material. In this case, we first focus the vertical displacement com-
ponents, with appropriate time shifts, at the 49 recording posi-
tions. This will create secondary waves (dipoles with energy innt component in a large solid sample after reciprocal TR of the sum of the direct
plotted for three different times: t ¼ 4 ls, t ¼ 8 ls and t ¼ 12 ls. The arrow marks
g in the recording points. The color scales are normalized according to the maximum
he references to colour in this figure legend, the reader is referred to the web version
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Fig. 4. Simulated displacements in a large solid sample after reciprocal TR of the direct recorded horizontal displacement component ux using a virtual phased array. The focal
position is located at (0,2) cm and is encircled in the bottom figures. (a) Simulated horizontal and vertical displacement signals ux and uy measured at the focal position, (b)
spatial (top view) surface plots of the magnitude of the horizontal and vertical displacement components ux and uy at the focal time. The color scales are normalized according
to the maximum value of the horizontal displacement component. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
156 S. Delrue et al. / Ultrasonics 67 (2016) 151–159the vertical direction) preferentially propagating at the longitudi-
nal wave velocity. The time delays should therefore be calculated
using the distance of the recording points to the focal point divided
by the longitudinal wave velocity. The calculated time shifts reveal
that the TR focusing in the recording points needs to be 6 ls (for
the middle recording position) to approximately 7 ls (for the
left- and rightmost recording positions) earlier than the focusing
in the focal point at t ¼ 0. Due to the appropriate time delays, a
curved wave front is created that propagates in the negative y-
direction until it finally focuses at the intended focal point at
t ¼ 0. In this case, focusing is only observed for the vertical dis-
placement component, as confirmed by Fig. 5. Fig. 5(a) represents
the time signals of respectively the simulated horizontal and verti-
cal displacements at the focal point, showing a clear focusing in
time only in the y-component of the displacement. Fig. 5(b) repre-
sents spatial maps of the magnitude of the horizontal and vertical
displacement in the sample at the focal time, illustrating the focus-
ing in space of the y-component of the displacement.
The use of a virtual phased array has a great advantage over the
direct TR method. To focus energy at an arbitrary point ðx1; y1Þ
inside a medium using the direct TR method, the direct response
signal needs to be known at that point inside the medium. For a
focusing at ðx2; y2Þ one needs again the direct response at that
point, etc. A full scan of a zone of the medium using direct TR
focusing thus requires to know the direct response signals at any
point within the zone of interest, which is often not possible. With
the virtual phased array, however, only the response signals in a
limited number of recording points are required (these points
can even be outside the zone of interest). Changing the time shifts
of the different recording signals we are able to focus in any point
of a predetermined inspection zone. Results of this procedure areillustrated in Fig. 6. Using the same virtual array recording posi-
tions as before (i.e. 49 positions located at the interface of the cav-
ity and the solid sample, with x-coordinates ranging from
x ¼ 1:2 cm to x ¼ 1:2 cm), the time shifts necessary to focus
respectively the horizontal and vertical displacement component
in any point in the bulk of the solid sample are calculated. Fig. 6
(a) represents a spatial map of the quality of the temporal focusing
in the horizontal displacement component ux, whereas Fig. 6(b)
represents the quality of the temporal focusing in the vertical dis-
placement component uy. The quality Qðx; yÞ of the temporal focus
at position ðx; yÞ was calculated as follows:
Qðx; yÞ ¼ maxt½uiðx; y; tÞ
2
meant½uiðx; y; tÞ2
; ð3Þ
where uiðx; y; tÞ is the displacement of point ðx; yÞ at time t
ði 2 fx; ygÞ. The quality at position ðx; yÞ is thus equal to the ratio
of the maximum, over all times t, of the squared displacement
amplitudes to the mean, over all times t, of the squared displace-
ment amplitudes. From the figures it is clear that high quality focus-
ing in both displacement components is obtained at positions right
under the virtual phased array, in a region which is diverging with
decreasing y-coordinate. Variations in the quality obtained within
that region are supposed to be due to the shape of the chaotic cav-
ity, however, this still needs to be investigated in future. Outside the
diverging region, the focusing quality deteriorates. The diverging
region for high quality focusing in the horizontal displacement
component ux is much smaller than the region for high quality
focusing in the vertical displacement component uy. This is
explained as follows. In case of simultaneous focusing in the record-
ing points (cfr. Fig. 3), the virtual phased array produces an ultra-
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Fig. 5. Simulated displacements in a large solid sample after reciprocal TR of the direct recorded vertical displacement component uy using a virtual phased array. The focal
position is located at (0,2) cm and is encircled in the bottom figures. (a) Simulated horizontal and vertical displacement signals ux and uy measured at the focal position, (b)
spatial (top view) surface plots of the magnitude of the horizontal and vertical displacement components ux and uy at the focal time. The color scales are normalized according
to the maximum value of the horizontal displacement component. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
Fig. 6. Spatial (top view) surface plots of the quality of the temporal TR focusing in any point along the depth direction of a large solid sample using a virtual phased array. The
quality was measured according to formula (3). (a) Quality of the temporal TR focusing in the horizontal displacement component ux , (b) quality of the temporal TR focusing
in the vertical displacement component uy .
S. Delrue et al. / Ultrasonics 67 (2016) 151–159 157sonic wave that has properties similar to the properties of a single
transducer with an effective width corresponding to the virtual
phased array aperture (i.e. 2.4 cm). Therefore, the produced ultra-
sonic wave is diverging with an angle inversely proportional to
the transducer diameter and proportional to the wavelength of
the transmitted sound wave. In case of focusing in the horizontal
displacement component at the recording points, a plane shear
wave is created of which the wavelength is smaller than the wave-
length of the longitudinal plane wave that is created when focusing
in the vertical displacement components. Consequently, the diver-
gence angle of the generated plane shear wave is smaller than that
of the generated plane longitudinal wave. When the virtual phased
array is used for focusing, the produced ultrasonic wave is steered
in any direction, with the maximum steering angle being limited
by the above mentioned divergence angles. As such, we obtain alarger steering angle for focusing in the vertical displacement com-
ponent when compared to the angle obtained for focusing in the
horizontal displacement component.
The above discussed numerical results illustrate the possibility
to focus elastic energy along the depth of a material, using a CCT
based virtual phased array at the interface of the chaotic cavity
and the sample. However, to implement this concept in practice,
we need to have access to all points along the line of the phased
array for detecting the signals to be used in the time reversal pro-
cess. This, of course, is not possible when the cavity is already con-
nected to the sample. Therefore, we checked the possibility to
perform the calibration step before the cavity is being glued to
the solid sample. For this, the following steps need to be followed.
We start with exciting the chaotic cavity using the same linear
swept signal that we used before. Subsequently, the response sig-
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Fig. 7. Simulated displacements in a large solid sample after reciprocal TR of either the direct recorded horizontal displacement component ux or the vertical displacement
component uy using a virtual phased array. The recorded signals were measured at the bottom surface of the chaotic cavity before the cavity was glued to the sample. The
focal position is located at (0,2) cm and is encircled in the bottom figures. (a) Simulated displacement signals at the focal position after re-emission of respectively the direct
recorded horizontal and vertical displacement signals ux and uy , (b) spatial maps of the magnitude of both displacement components at the focal time after re-emission of
respectively the direct recorded horizontal and vertical displacement signals ux and uy . The color scales are normalized according to the maximum value of the horizontal
displacement component. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
158 S. Delrue et al. / Ultrasonics 67 (2016) 151–159nals are measured in a series of points located on a line at the bot-
tom surface of the cavity. Then, the cavity is glued to the solid sam-
ple and a specific combination of the recorded signals (depending
on the location of the desired focal position) is re-emitted into the
cavity in order to focus in any position in the bulk of the solid sam-
ple. Fig. 7 confirms that, using this approach, TR focusing in respec-
tively the horizontal and vertical displacement component at
position (0,2) cm inside the sample is still observable, be it with
a higher noise level as when compared to respectively the left fig-
ures from Fig. 4 and the right figures from Fig. 5. The drop in focus-
ing quality is caused by the change in the recorded signals due to a
difference in loading between the calibration step and when the
chaotic cavity is loaded with the solid sample. Another solution
on how to practically get the direct signals in an actual experiment
can be to add a (relatively thin) patch-type receiving transducer in
between the chaotic cavity and the solid sample, similar to what
was described by Choi et al. [39]. The direct signals can then be
recorded by the receiving patch before they are re-emitted into
the chaotic cavity.
4. Conclusions
The principle of a chaotic cavity transducer was originally intro-
duced for 3D imaging in fluids and was later extended to applica-
tions dealing with elastic waves in solids, for instance for
constructing a 2D virtual array used for pulse-echo type non-
destructive inspection of materials. In this paper, we have provided
numerical supporting evidence of a new application of the chaotic
cavity based virtual phased array: the ability of time reversal
focusing of elastic energy in the bulk of a large solid material. Usingthe developed finite element model, we were able to verify the
basic concepts of the virtual phased array and illustrated multi-
component TR in any point along the depth direction of a large
solid sample. In the considered 2D configuration, it was shown that
TR focusing along the horizontal displacement component could be
achieved if the transversal wave velocity was used to determine
the proper time shifts, while the longitudinal wave velocity needs
to be used for TR focusing along the vertical displacement
component.
Future work will consist in studying the influence of the impe-
dance mismatch between the chaotic cavity and the solid sample
on the TR focusing quality. We expect limitation in implementing
the procedure for large and small impedance mismatch. In case
of a large impedance mismatch, the signals will only propagate
in the cavity without being transmitted to the solid, while in case
of a small impedance mismatch all signals will be transmitted and
no internal reflections (crucial for TR purposes) will occur in the
cavity itself. We also plan to study the influence of the shape of
the chaotic cavity on the focusing quality. Apart from the pre-
sented 2D configuration, we also want to proceed to more complex
3D configurations. A suitable technique to determine the wave
speed distribution inside materials needs to be developed, espe-
cially in the case of anisotropic materials. Another interesting
problem would be to study the behavior of a chaotic cavity trans-
ducer embedded in a solid material. Industrial components
designed with such embedded chaotic cavity transducers could
then be used as self-sensing devices, with obvious applications in
aeronautics, automotive, construction engineering, etc. The ulti-
mate goal of the simulations is to optimize the technique for such
practical uses.
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